Many carnivores are difficult and labour-intensive to detect, often leading to prohibitively high effort and cost in large-scale surveys. However, such studies provide information that is important for effective management and conservation. Here, we evaluate the suitability of three survey methods for landscape-scale multi-species monitoring. We compare sign surveys, spotlighting, and audio playbacks in terms of detection efficiency, precision, effort, and cost. Sign surveys out-performed the other methods in all comparison criteria, although supplementary methods were needed for some species and sites. We found that using established analysis techniques, robust landscape-scale abundance estimates would require unrealistically high effort and cost. Occupancy estimation required considerably lower sample sizes and was therefore more economical. We conclude that sign-based occupancy estimates constitute a versatile and efficient option for future large-scale, multi-species carnivore surveys.
INTRODUCTION
Effective management and conservation of wildlife populations requires accurate knowledge of occurrence, abundance, and the factors that influence spatial and temporal patterns in these variables (Zielinski 1997; Wilson & Delahay 2001; Barea-Azcon et al. 2007 ). However, for carnivores, such information is often lacking (Nowell & Jackson 1996; Mills & Hofer 1998; Sillero-Zubiri et al. 2004) . Finding efficient and practical ways to acquire that knowledge is of wide relevance and increasing urgency in view of globally declining carnivore populations and increasing human-carnivore conflict (Treves & Karanth 2003; Inskip & Zimmermann 2009) . However, this is a challenging task: carnivores are often solitary, cryptic, nocturnal, or occur at low density, making them inherently difficult and labour intensive to detect (Zielinski 1997; Wilson & Delahay 2001; Gompper et al. 2006; Barea-Azcon et al. 2007 ). In addition, many medium-and large-sized species range over extensive areas that encompass widely varied ecological conditions (Nowell & Jackson 1996; Mills & Hofer 1998; Sillero-Zubiri et al. 2004) .
The challenges associated with surveying carnivores necessitate methods that are effective at large spatial scales and over a broad spectrum of population densities (Zielinski 1997; Barea-Azcon et al. 2007) , particularly in studies addressing landscape-scale questions such as distribution or macro-habitat associations. However, attempts at large-scale carnivore surveys are often hindered by high effort and cost, logistical difficulties, and habitat-specific variations in the efficacy of sampling methods (Zielinski 1997; Gompper et al. 2006; Barea-Azcon et al. 2007 ). Multi-species surveys can increase the productivity of field work and offer important inter-specific insights, but they are further complicated by species-specific variations in methodological performance (Gompper et al. 2006) . Consequently, there are few examples of standardized carnivore survey protocols for use across large, heterogeneous areas (Barea-Azcon et al. 2007 ) and still fewer for large-scale multispecies work (Gompper et al. 2006) . Hence, our aim was to identify suitable methods for largescale monitoring surveys of medium-and largesized African carnivores as a preliminary step to designing a multi-species, landscape-scale protocol.
We used sign surveys, spotlighting, and audio playbacks because they are non-invasive techniques that have been successfully used in previous multi-species studies of African carnivores. In addition, these sampling methods can be implemented without highly technical equipment or facilities, making them widely accessible to other investigators. Sign surveys (counts of scats, tracks, feeding signs, claw marks, dens and other visible structures) have been used world-wide to study a broad spectrum of focal carnivore species (Wilson & Delahay 2001) , including cheetahs (Acinonyx jubatus), lions (Panthera leo), leopards (Panthera pardus), brown hyaenas (Hyaena brunnea) and spotted hyaenas (Crocuta crocuta) (Stander 1998; Carbone et al. 2009; Houser et al. 2009 ). Spotlighting along line transects has frequently been used for medium-sized species such as dingoes (Canis dingo) and red foxes (Vulpes vulpes) (Mahon et al. 1998; Edwards et al. 2000; Heydon et al. 2000) in Europe and Australia. However, the technique has also been used to inventory African mammal communities (e.g. Duckworth 1992; Monadjem et al. 1998) . Audio playbacks have only been used in Africa, and only for relatively high-density populations of blackbacked jackals (Canis mesomelas, hereafter referred to as jackals), lions and spotted hyaenas (Sillero-Zubiri & Gottelli 1992; Creel & Creel 1996; Ogutu & Dublin 1998; Mills et al. 2001; Ogutu et al. 2005) . The efficacy of this technique has not previously been compared with that of other sampling methods.
The main objective of the study was to compare the detection efficiency and precision achieved by the methods across a range of ecological conditions and carnivore population densities. However, cost and effort were also important criteria given the limited resources available to many research and conservation projects. We also considered the relative merits of measuring occupancy and abundance as both can be used to monitor carnivore populations (Zielinski 1997; Karanth & Nichols 2002; MacKenzie et al. 2006) . Occupancy is defined as the overall proportion of a study area that is occupied by a given species and abundance can be measured as an index of relative values or in absolute terms (i.e. density and population size). Where possible, we measured absolute rather than relative abundance, as this measure supports a wider range of management and conservation applications (Balme et al. 2009 ). All of the methods selected for this study can potentially be used to measure occupancy, relative abundance and density.
METHODS

Study area
The study area of approximately 31 167 km 2 encompassed 24°95' to 26°82'S and 23°12' to 27°36'E, predominantly within the North West Province of South Africa. The province receives mean annual rainfall of 200-650 mm, with a wet season from October to March and mean daily temperatures from 32°C (January) to -1°C (July) (De Villiers & Mangold 2002) . Seventy-one per cent is Savannah Biome, the remainder is grassland and the terrain is generally flat (De Villiers & Mangold 2002) . The majority of the province is privately owned but approximately 10% is state-owned or tribal land. Fifty-four per cent of the province is used for grazing, 30% for crop farming, 11% for human settlement, the remainder is used for forestry, conservation and mining (Tladi et al. 2002) . Although 283 308 ha of the province's 11 632 000 ha is formally protected land it is one of the most environmentally stressed areas in South Africa (Hoffman & Ashwell 2001) .
Survey sites
We selected 25 sites to be surveyed once in the wet season and again in the dry season. This was the maximum sample size achievable within logistical and time constraints. We used stratified random sampling to identify a range of potential sites that were deemed representative of climactic conditions (high, medium and low rainfall/temperature), community composition (with and without apex predators, game and domestic livestock), and densities of carnivore species (inside and outside protected areas). We then approached landowners to request survey permission, which constrained completely random selection of sites. All surveys were completed between January 2006 and August 2007 (see Table 1 for characteristics of the sites and surveys undertaken at each).
Observer skills D.S. and R.Y. trained all observers to operate the standardized survey protocols and all observations were rated from one (very low confidence in species identification) to five (very high confidence). Only observations rated four or five were subsequently analysed. Each field team contained ≥1 highly experienced supervisory observer, for example, M.T. and M.G. surveyed at 23 of the 25 sites.
Sign surveys
To standardize survey effort between sites of varying size, we conducted a minimum of 1 km of sign surveys/5 km 2 of site area. Again, this was the maximum effort achievable within logistical and time constraints. We conducted all surveys from a vehicle travelling at 10-15 km/h and ≥2 trained observers searched for sign (tracks and scats) on and within a 2 m strip either side of the road (Burgener & Gusset 2003; Stone 2005) . Sign was identified to species level based on colour, dimensions, position and presence of accompanying signs, but was not aged. Field guides (Walker 1996; Stuart & Stuart. 2000) were consulted where necessary. We separated survey routes into 1 km segments and used these as spatial survey replicates (Kendall et al. 1992; Zielinski 1997; Barea-Azcon et al. 2007 ), assigning segments a binary value of '1' indicating species detection or '0' for non-detection. We used a runs test (pattern analysis) to check spatial independence of 1 km replicates (Kendall et al. 1992; Waite 2000) and calculated species relative abundance as the proportion of segments containing sign (Zielinski 1997; Karanth & Nichols 2002) . This eliminates potential bias in count statistics caused by repeatedly counting the same individual in a segment (Kendall et al. 1992; Zielinski 1997 ). We did not attempt to extrapolate relative abundance estimates to density estimates, as this requires calibration with independent estimates of species' absolute abundance in at least some of the study sites, and no such data were available.
Spotlighting
Again, we used a minimum survey effort per site of 1 km/5 km 2 and conducted all surveys between 19:00 and 00:00, completing surveys at each site on successive nights. We searched along roads using a 1.5 million candela spotlight, scanning both sides of the road from a vehicle travelling at 15 km/h. On detecting eye shine, observers used 8 × 40 binoculars to identify the animal to species level and recorded its distance along the transect and the perpendicular distance from the transect route. We analysed the results in the same way as sign survey data.
Audio playbacks
We conducted playbacks in all conditions except during rain or high winds (≥2 on the Beaufort scale) (Ogutu & Dublin 1998; Mills et al. 2001) and undertook all surveys between 19:00 and 00:00. We used a minimum sampling intensity of 20% of the total area of each site to ensure that reliable density estimates could be calculated (Ogutu & Dublin 1998; Stone 2005) . We separated playback locations by at least 5 km, surveyed adjacent sites consecutively and completed surveys at each site on successive nights to minimize the risk of double counting or habituation (Ogutu & Dublin 1998; Stone 2005) . Each playback was considered a spatial replicate.
We adapted our protocol from Mills et al. (2001) but restricted our audio lure to a pig (Sus scrofa) distress call rather than a repertoire of prey and carnivore vocalizations. We played the call at 122 dB through two 5 × 8, 30 W horn speakers connected to a two-channel 200 W Mikkai car amplifier, placed on the roof of a vehicle. We repeated the call four times for three minutes each time, separated by a five-minute interval. After each call we rotated the speakers through 90°. After playing the call in all four directions, we waited 18 minutes to allow sufficient time for animals to respond. Observers searched the area with a red-filtered 1.5 million cd spotlight at approximately two-minute intervals. On detecting eye shine, observers used 8 × 40 binoculars to identify the animal to species level. The filter marginally reduced visibility but when it was used, responding animals came closer to the vehicle, thereby aiding species identification.
Calibration data was taken from 20 calibration experiments conducted in Pilanesberg National Park (Stone 2005 ) using the protocol described in Ogutu & Dublin (1998) and Mills et al. (2001) . From these experiments, the circular area surveyed during each playback was calculated as πr 2 , where r was the maximum distance at which a member of the relevant species was observed to hear the call. All individuals tested within this distance were considered to have been exposed to the calibration playbacks. Response probability was calculated as the proportion of animals from each species that responded positively, having been exposed to the call.
We then calculated density estimates following Ogutu & Dublin (1998) . The number of individuals that should be tested during calibrations to achieve unbiased density estimates at Pilanesberg was then calculated using the following equation from Mills et al. (2001) , where E( $ ) μ is the expected number of individuals within the response range, μ is the number of individuals observed during calibration experiments and π is the response probability:
Methodological comparisons
We estimated detection efficiency of each method at each site as the number of medium-and large-bodied carnivore species (≥10 kg adult body weight) detected by the individual method/ total number of carnivore species detected by all three methods. For frequently detected species, we also evaluated relative methodological efficacy based on precision, effort, and cost. We calculated precision at each site as the per cent coefficient of variation (CV) of relative abundance or density values from individual replicates. Effort was defined as the minimum sample size required to detect a 20% change in landscape-scale abundance and occupancy estimates with 80% statistical power and α = 0.05 (Zielinski 1997) . Separate power analyses were conducted on the abundance estimates for all sites and on the overall proportion of sites occupied. To compare the costs of landscape-scale surveys, it was first necessary to determine the number of replicates required at each sample unit (site). We assumed this to be the mean number of replicates required to stabilize CV for each method, which we calculated by graphically plotting the CV of cumulative mean relative abundance against increasing sampling effort (Waite 2000; Scott et al. 2005) .
Occupancy and detection probability estimates would be required to determine minimum effort for occupancy surveys (Royle & Nichols 2005) . As such data were unavailable, we assumed the same number of replicates for occupancy and abundance surveys. We then multiplied the cost/average-sized site (number of replicates × cost per replicate) by the minimum sample size indicated by power analysis. Finally, we apportioned daily vehicle costs according to the ratio of time required to survey a site using each method and added in equipment costs that did not vary with effort.
Overall cost therefore illustrates the comparative cost of an annual monitoring survey. We excluded subsistence, accommodation and inter-site travel costs because they varied in a manner unconnected to the methods or were not measured rigorously.
The software package MINITAB 14.2 (Minitab Inc.) was used for all statistical analysis. Prior to performing parametric statistical tests we used an Anderson-Darling test to check normality of the data. We then arcsine transformed non-normally distributed proportions or percentages and square root-transformed count data (Waite 2000) .
RESULTS
We completed 963 km of sign surveys, 1493 km of spotlighting, and 119 audio playbacks. Runs tests on 59 sign survey routes showed a non-random pattern of sign deposition in 8.5% of routes. Results for spotlighting survey routes were similar with 12.5% of segments showing non-random sighting patterns. We therefore assumed minimal dependence between 1 km segments. We found no significant differences in abundance estimates for any species between seasons (ANOVA sign surveys, F 1,200 = 0.03, P = 0.860; spotlighting, F 1,160 = 3.60, P = 0.060; playbacks, F 1,80 = 1.00, P = 0.321) so all records were pooled for further analysis.
The proportion of sites where species were detected (occupancy) varied considerably by method ( Table 2 ). The same was true of abundance, which was calculated as relative abundance for sign surveys and spotlighting, and density for playbacks. Of the five carnivore species detected in multiple sites, leopards were not detected by spotlighting at any site, but the other two methods detected all five species. The highest number of spotlighting sightings for a single species in a single site was 16 brown hyaenas.
We were unable to attract approximately 8% of animals responding to audio playbacks close enough for species identification. Leopards, serval (Leptailurus serval ) and caracals; (Caracal caracal) were detected during audio playbacks but not during calibration experiments, precluding calculation of density or the number of observations required for unbiased estimates. However, we were able to calculate density for brown hyaenas and jackals. Response probability from the calibration experiments was 0.375 for brown hyaenas, with a maximum response distance of 1.44 km and an effective sample area of 6.51 km 2 . Response probability for jackals was 0.2 with a maximum response distance of 2.49 km and an effective sample area of 19.48 km 2 . We found that reducing bias in density estimates to 1.02 (≈ no bias) would require observation of 70 brown hyaenas and 165 jackals during calibrations.
Approximately 15% of sign observations could not be reliably identified to species level. Presence of all species was detected in a higher proportion of sites when both scats and prints were recorded, as opposed to the proportion calculated only from scat observations (50% higher for brown hyaenas, 183% for jackals, 400% for leopards, and 500% for caracals). Serval scats were not observed in any sites but prints were detected in four.
Mean methodological detection efficiency varied significantly (ANOVA F 2,70 = 45.08, P < 0.001). Sign surveys detected a significantly higher mean proportion of species (0.89 ± 0.05 S.E.) than the other methods and the difference between playbacks (0.35 ± 0.07 S.E.) and spotlighting (0.12 ± 0.05 S.E.) was near significant. When we pooled all data by method, sign surveys were significantly more precise than spotlighting, which in turn was more precise than playbacks (ANOVA F 2,81 = 71.03, P < 0.001; Table 3 ). Overall, sign surveys required the smallest sample sizes for measuring both abundance and occupancy of all species and occupancy surveys required a mean of 47% (range 13% to 65%) smaller sample sizes than abundance surveys. Sign survey costs were at least an order of magnitude lower than corresponding costs for other methods (with the exception of the jackal playback result), and playbacks were less expensive than spotlighting.
Finally, we illustrated overall methodological performance by ranking the relative performance of each method for each criterion from 1 (bestperforming method) to 3 (worst-performing method; Table 4 ). Sign surveys performed best in all four comparisons.
DISCUSSION
Our study was the first to test these three sampling methods simultaneously and offers a useful insight into their relative efficacy for landscapescale work in Africa. In agreement with other comparative studies, we found that sign surveys detect carnivores more efficiently and at lower cost and effort than other methods (Foresman & Pearson 1998; Silveira et al. 2003; Gompper et al. 2006; Barea-Azcon et al. 2007 ). However, we also found that no single technique offered optimal efficiency for all focal species and sites. Our results do not account for possible heterogeneity in detection probability, which may have biased some abundance and occupancy estimates. For this reason, we did not attempt to infer spatial, temporal, inter-specific or between-method patterns of abundance or occupancy from the data.
Methodological performance
Spotlighting was the least effective method for surveying carnivore populations at a large spatial scale. Detection efficiency was by far the lowest and as in Edwards et al. (2000) , precision was lower than for sign surveys. This was partly due to limited visibility in disturbed habitat, where encroachment of fast-growing shrubs caused patches of dense vegetation. This contributed to low sighting frequencies and consequently, poor precision. Other authors have reported similar difficulties (Mahon et al. 1998; Edwards et al. 2000; Heydon et al. 2000; Scott et al. 2005) and some suggest spotlighting only where visibility is good. Table 3 . Precision, minimum effort, and cost of three methods used to survey South African carnivores (n = 24 for spotlighting and audio playbacks and 25 for sign surveys). CV = mean coefficient of variation from all sites, effort is the minimum number of sites that must be sampled to detect a 20% difference with 80% statistical power. Cost is the expenditure required to complete a landscape-scale survey with the required number of average-sized sites, using sufficient replicates to stabilize CV. RA = relative abundance or density surveys and Ψ = occupancy surveys. '-' signifies that the species was detected but density could not be calculated. This may unacceptably constrain selection of sampling sites in study areas where disturbed habitat is extensive. Moreover, poor precision and detection efficiency translated to high landscapescale effort and cost, further undermining the large-scale utility of the technique. Playbacks achieved higher detection efficiency than spotlighting, but significantly lower than sign surveys. Precision was poor both in absolute terms, and relative to the other methods. Visibility affected the results less than spotlighting because densely vegetated patches are avoidable when choosing playbacks locations. Low sighting frequencies are therefore more likely attributable to behavioural factors. For example, playbacks are often used in lethal control of predators in nonprotected areas, which may have lead to habituation or aversion. Moreover, the audio lure may have been insufficiently attractive to satiated individuals (Mills et al. 2001 ), or predominantly non-scavenging species like serval and caracal (Carbone et al. 2009 ). This may explain why scavengers such as brown hyaenas and jackals were detected more frequently than other species during playbacks. To improve multi-species detection efficiency we therefore recommend experimenting with combined food and audio lures. An audio repertoire incorporating distress calls from alternative prey species and social or agonistic carnivore vocalizations may also improve performance (Mills et al. 2001) .
Sign surveys were the most successful method for surveying carnivore populations at a large spatial scale. High detection efficiency produced comparatively large sample sizes and thereby, relatively high precision. Sign accumulates over time, increasing detection probability (Plumptre 2000; Wilson & Delahay 2001; Karanth & Nichols 2002) whereas spotlighting and playbacks sample only a fraction of the focal species' activity period at each site (Mahon et al. 1998; Edwards et al. 2000; Kiffner et al. 2007) . Combined with visibility and behavioural issues, this explains why spotlighting and playbacks failed to detect species in up to 79.5% and 48% of sites, respectively, compared with ≤8% for sign surveys (see Table 2 ). 'False absences' were considerably reduced for all species when observations of prints as well as scats were analysed and we therefore recommend that future large-scale sign surveys incorporate both. However, it proved difficult to identify prints at sites with deep sand or rocky substrate and we were often unable to differentiate caracal and serval sign (especially scats). Other studies have also encountered such problems (Silveira et al. 2003; Gompper et al. 2006; Barea-Azcon et al. 2007 ). Recommended remedies include using expert trackers as in Stander (1998) or using additional methods (Foresman & Pearson 1998; Taberlet et al. 2001; Gompper et al. 2006; Barea-Azcon et al. 2007 ). Neither spotlighting nor playbacks achieved sufficient detection efficiency to be considered viable solutions, but Linkie et al. (2007) found that camera trapping improves carnivore detection probability at sites where sign is difficult to find or identify. Alternatively, DNA analysis of faecal samples is an increasingly popular method that can confirm species identification from scats and provide additional data on a wide spectrum of population variables (Taberlet et al. 2001; Wilson & Delahay 2001; Gompper et al. 2006 ).
Abundance and occupancy
We found that large-scale estimation of absolute abundance is likely to be impractical using established analytical techniques. Accurate spotlighting density estimates can be calculated using distance sampling methods (described in detail in Buckland et al. 1993) . However, species sighting frequencies in our study fell far short of the 60-80 observations required for precise estimates, even with spatial or temporal amalgamation of the data. Landscapescale density estimates from audio playbacks are similarly constrained by the number of individuals that must be observed during calibration (e.g. 165 jackals) and by low sighting frequencies. Sign Table 4 . Ranking of the three sampling methods by mean efficiency with which medium and large carnivores were detected, precision (mean CV), minimum effort (number of sites required for landscape-scale surveys) and the estimated cost of annual monitoring surveys. A rank of 1 denotes the best performing method and 3 denotes the worst.
Method
Detection efficiency Precision Minimum effort Cost   Sign surveys  1  1  1  1  Spotlighting  3  2  3  3  Playbacks  2  3  2  2 surveys have been used to estimate absolute abundance of tigers (Panthera tigris), cheetahs, lions, leopards, brown hyaenas and spotted hyaenas (Stander 1998; O'Brien et al. 2003; Carbone et al. 2009; Houser et al. 2009 ). This requires calibration against independent estimates of density, which were unavailable in our study area. Other landscape-scale studies will likely encounter similar difficulties, given a general shortage of data on carnivores outside protected areas (Nowell & Jackson 1996) . Double sampling with a direct method (e.g. spotlighting and playbacks) can generate simultaneous and independent density estimates. However, direct methods require comparatively high effort and cost (Stander 1998 ) which, as our results demonstrate, are likely to be prohibitive. Relative abundance indices (such as those calculated from our spotlighting and sign survey encounter rates) are often employed when estimating absolute abundance is impractical (Edwards et al. 2000; Karanth & Nichols 2002) . Indices can be used to address a broad spectrum of ecological questions and are frequently used to make temporal or spatial comparisons for monitoring purposes (Edwards et al. 2000; Karanth & Nichols 2002; MacKenzie & Kendall 2002) . They can be calculated without distance sampling or playback calibration, and could therefore be used for all three methods. However, this approach is not suitable for applications requiring measurement of absolute abundance, such as setting sustainable hunting quotas (Balme et al. 2009 ) or determining conservation status. Furthermore, indices assume a monotonic, linear relationship between relative and absolute abundance, and spatial and temporal index comparisons are confounded unless heterogeneity in detection probability is properly accounted for (Karanth & Nichols 2002; MacKenzie & Kendall 2002) . In practice, few carnivore studies have incorporated detection probability into index values and demonstrated a linear relationship with absolute abundance (Balme et al. 2009 ). This is probably because the prohibitive additional cost and effort required counteract the benefits of indices.
Like Zielinski (1997) , our results suggest that landscape-scale occupancy surveys would be less expensive and require smaller sample sizes than abundance surveys. Following recent methodological advances, occupancy modelling can provide robust estimates of variables such as distribution, habitat associations, metapopulation dynamics and species interactions (MacKenzie et al. 2006) . As with relative abundance indices, spatial or temporal comparisons would require estimation of detection probability in at least a subset of sites (MacKenzie et al. 2006 ). However, newly developed sign survey protocols achieve this without incurring additional cost and effort: detection probability is estimated directly from single surveys of multiple trail segments (Thorn 2009; Hines et al. in press) . Furthermore, models for estimating absolute abundance from occupancy data are now available (Royle & Nichols 2003; MacKenzie et al. 2006) . Nevertheless, few studies have tested the suitability of the new models for mammal surveys. To the best of our knowledge, only four published studies have used occupancy modelling techniques for carnivores (see Linkie et al. 2007; Baldwin & Bender 2008; Boulanger et al. 2008; Thorn et al. 2009 ), none of which used occupancy models to estimate abundance. Occupancy modelling is therefore an appealing but relatively untested option for analysing carnivore data.
Implications for future studies
We conclude that neither spotlighting nor playbacks are likely to be suitable for large-scale carnivore surveys. Spotlighting is more appropriate for intensive studies in areas with good visibility and relatively high population sizes, thereby enhancing detection efficiency. Audio playbacks are best suited to large, high-density protected areas, where carnivore persecution is unlikely and sufficient calibration experiments can be conducted without risking habituation. Occupancy based sign surveys offered the most robust, efficient and versatile foundation for a large-scale, multi-species survey. The results of this study will be used to construct and test such a protocol. However, additional studies will be required to determine the optimum allocation of effort between sign surveys and supplementary methods, and to quantify their combined efficacy. Further information is also required on the accuracy of sign surveys in relation to actual occupancy and population size, to ensure that estimates properly reflect the real properties and dynamics of focal populations.
